Thiamine (vitamin B1) deficiency (TD) plays a major role in the etiology of Wernicke's encephalopathy (WE) which is a severe neurological disorder. TD induces selective neuronal cell death, neuroinflammation, endoplasmic reticulum (ER) stress and oxidative stress in the brain which are commonly observed in many aging-related neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD) and progressive supranuclear palsy (PSP). However, the underlying cellular and molecular mechanisms remain unclear. The progress in this line of research is hindered due to the lack of appropriate in vitro models. The neurons derived for the human induced pluripotent stem cells (hiPSCs) provide a relevant and powerful tool for the research in pharmaceutical and environmental neurotoxicity. In this study, we for the first time used human induced pluripotent stem cells (hiPSCs)-derived neurons (iCell neurons) to investigate the mechanisms of TD-induced neurodegeneration. We showed that TD caused a concentration-and duration-dependent death of iCell neurons. TD induced ER stress which was evident by the increase in ER stress markers, such as GRP78, XBP-1, CHOP, ATF-6, phosphorylated eIF2α, and cleaved caspase-12. TD also triggered oxidative stress which was shown by the increase in the expression 2,4-dinitrophenyl (DNP) and 4-hydroxynonenal (HNE). ER stress inhibitors (STF-083010 and salubrinal) and antioxidant N-acetyl cysteine (NAC) were effective in alleviating TD-induced death of iCell neurons, supporting the involvement of ER stress and oxidative stress. It establishes that the iCell neurons are a novel tool to investigate cellular and molecular mechanisms for TD-induced neurodegeneration.
Introduction
Thiamine (vitamin B1) deficiency (TD) causes Wernicke's encephalopathy (WE) which is a neuropsychiatric syndrome characterized by opthalmoplegia, ataxia and memory loss (Rao et al., 1996; Todd and Butterworth, 1999; Ke et al., 2003) . Brain tissues isolated from WE patients display gliosis, vascular damage, and neuronal loss in specific regions, such as the mammillary bodies, inferior olive, and thalamus (Troncoso et al., 1981; Kril, 1996; Gibson et al., 1999; Pannunzio et al., 2000) . However, the cellular and molecular mechanisms underlying TD-induced neuronal damage remain unclear. In experimental models, which include in vitro neuronal cultures and animal models, TD induces selective neuronal cell death, neuroinflammation, glial activation, endoplasmic reticulum (ER) stress and oxidative stress in the central nervous system (CNS). These features are commonly observed in many agingrelated neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD) and progressive supranuclear palsy (PSP) (Ke and Gibson, 2004) . Therefore, experimental TD models are useful not only for studying the mechanisms of WE but also for that of neurodegeneration in aging-associated degenerative diseases (Schwab et al., 1996; Gibson and Zhang, 2001; Park et al., 2001) .
Up to date, in vitro neuronal models, mainly rodent primary neuron cultures, have made significant contributions to our understanding of the mechanisms of TD's effects on neurons because they have many advantages in investigating cellular and molecular events (Wang et al., 2007a; Lee et al., 2010; Cruz et al., 2012) . However, these rodentderived in vitro models may not be an appropriate reflection of native human neurons and their physiological relevance is questionable. The discovery of human induced pluripotent stem cells (hiPSCs) has been revolutionizing the research in neurotoxicity because these cells can be differentiated into neurons, providing a more biologically relevant model. For example, the hiPSCs obtained from AD patients may offer a good model to investigate the interplay of genetics and environmental factors in the context of AD pathogenesis. The neurons derived from hiPSCs are therefore a novel and powerful tool to study the genetics, cellular/molecular biology of human neurons in response to environmental impacts or neurotoxins. In this study, we describe for the first time the use of hiPSCs-derived neurons (iCell neurons) as a new platform for studying the mechanisms of TD-induced neurodegeneration. The iCell neurons were differentiated and cryopreserved by Cellular Dynamics International (Madison, WI) and consist of a purified pan-neuronal population comprised predominantly of gamma aminoisobutyric acid (GABA)ergic and glutamatergic neurons (Whitemarsh et al., 2012) . We show here that TD causes death of iCell neurons and induces ER stress and oxidative stress. The inhibition of ER stress or oxidative stress significantly reduces TD-induced cell death. This study establishes that the iCell neurons are a novel and useful tool to investigate cellular and molecular mechanisms for TD-induced CNS damage.
Materials and methods

Reagents
Poly-D-lysine hydrobromide, amprolium, and laminin were purchased from Sigma (St. Louis, MO, USA). Rabbit anti-p-eIF2α, anticaspase-12, anti-ATF6, anti-dinitrophenol (DNP) antibodies were obtained from Cell signaling Technology (Danvers, MA). Rabbit anti-GRP78 antibody was obtained from Novus Biologicals (Littleton, CO). Mouse anti-CHOP antibody was obtained from Thermo Fisher Scientific (Rockford, IL). Rabbit anti-4-hydroxynonenal (HNE) antibody was obtained from lifespan BioSciences (Seattle, WA). HRPconjugated anti-rabbit and anti-mouse secondary antibodies were purchased from GE Healthcare life Sciences (Piscataway, NJ). Calcein AM was obtained from Thermo Fisher Scientific (Waltham, MA).
Culture of human neurons derived from induced pluripotent stem cells
Human neurons differentiated from induced pluripotent stem (iPS) cells (iCell neurons) were purchased from Cellular Dynamics International (Madison, WI, USA) and stored in frozen vials containing at least 2.5 million cells. These cells display characteristics of primary forebrain neurons and are widely used in the scientific community for cellular, molecular and electrophysiological studies (Chai et al., 2012; Haythornthwaite et al., 2012; Whitemarsh et al., 2012; Xu et al., 2013; Dage et al., 2014) . Cells were handled according to the instructions provided by the manufacturer. Briefly, iCell neurons were removed from liquid nitrogen storage and thawed for 3 min in a 37°C water bath. Cells were gently transferred to a 50 ml tube and 1 ml of the maintenance medium (provided by the manufacturer) was added drop-wise. Cells were swirled gently to minimize osmotic shock and an additional 8 ml of medium was slowly added. Cells were plated at a density of 4 × 10 4 /well on 96-well plates, 9 × 10 4 /well on 24-well plate, or 2 × 10 5 /dish on 60-mm cell culture dishes. Plates or cell culture dishes were pre-coated with poly-L-ornithine (PLO) (0.01%) followed by a layer of laminin (3.3 μg/ml) on top. Cells were cultured in the maintenance medium at 37°C in 5% CO 2 . The medium was changed after 24 h, and then every other day thereafter until the start of the experiment. For immunocytochemistry (IHC) studies, iCell neurons (8 × 10 4 /chamber)
were cultured on glass chamber slides pre-coated with POL/laminin.
Cytotoxicity assessment
Cell viability was determined by CCK-8 kit which measures the activity of mitochondrial dehydrogenase (Dojindo, MD, USA). Briefly, 10 μl of CCK-8 solution was added the cultures and incubated for 2-3 h. The activity of mitochondrial dehydrogenase was determined by the color product, formazan which was measured at an absorbance of 450 nm using a microplate reader. In addition, cell viability and morphology were also determined by calcein AM labeling. Calcein AM is able to cross the cell membrane and is metabolized in the cytosol to produce fluorescent calcein by cytosolic esterases. Dead cells are either unable to metabolize calcein AM or retain fluorescent calcein. The cultures were treated with 1 μM calcein AM for 30 min at 37°C in 5% CO 2 , and then examined under a fluorescent microscope.
Immunoblotting
The procedure for immunoblotting has been previously described (Ke and Gibson, 2004; Wang et al., 2007a) . Briefly, aliquots of proteins (30 μg) were loaded into the lanes of a sodium dodecyl sulfate-polyacrylamide gel. The proteins were separated by electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked with 5% BSA in 0.01 M Tris-buffered saline (TBS) (pH 7.4) and 0.05% Tween-20 (TBST) at room temperature for 1 h. Then, the membranes were incubated with primary antibodies directed against target proteins overnight at 4°C. The final dilutions for primary antibodies were: GRP78, 1:1,000; XBP-1, 1:1,000; p-eIF2α, 1:1,000; Chop, 1:500; caspase-12, 1:1,000; HNE, 1:1,000; DNP, 1:1,000; and actin, 1:5,000. After two quick washes in TBST, the membranes were incubated with secondary antibodies conjugated to horseradish peroxidase (Amersham, Arlington, Heights, IL) diluted at 1:5000 in TBST containing 5% BSA for 1 h. The immunocomplexes were detected by the enhanced chemiluminescence method (Amersham). The density of immunoblotting was quantified with the software of ImageJ (version 1.48; National Institutes of Health, Bethesda, MD).
Statistical analysis
The data were expressed as mean ± SEM. Statistical significance was determined by the one-way ANOVA followed by Scheffé's post-doc test at a significance level of 5%. The analyses were performed using SPSS software (SPSS, Chicago, IL, USA).
Results
TD induces death of iCell neurons
Amprolium is a thiamine antagonist and widely used in vitro and in vivo to induce thiamine deficiency (Wang et al., 2007a) . We examined the effect of amprolium on the viability of iCell neurons by CCK-8 assay and calcein AM staining (Fig. 1) . Amprolium induced a concentration-and duration-dependent decrease of the viability of iCell neurons. At 1 and 2 mM, amprolium significantly reduced cell viability by 16% and 40% respectively after 5 days of exposure, and by 36% and 46%, respectively following 7 days of exposure (Fig. 1A) . Amprolium at the lower concentration, 0.5 mM, also reduced cell viability, but took a longer time; it decreased cell viability by 15% after 7 days of exposure. It is interesting to note that at 0.5 mM, 3-5 days of exposure slightly increased cell viability (Fig. 1A) . We used calcein AM staining to further determine the cell viability and morphology. Amprolium not only reduced the number of viable cells but also caused the loss of neurites in the iCell neurons (Fig. 1B) .
TD causes ER stress and oxidative stress in iCell neurons
Since ER stress and oxidative stress play an important role in TDinduced neurodegeneration (Liu et al., 2016) , we first sought to determine whether amprolium induced ER stress in iCell neurons. As shown in Fig. 2 , amprolium significantly increased the expression of a number of markers for ER stress, such as GRP78, XBP-1, CHOP, p-eIF2α, cleaved caspase-12 and ATF6. Amprolium-induced ER stress occurred earlier than cell death; generally, amprolium-induced upregulation of ER stress markers was evident 1 day after amprolium treatment. For GRP78, spliced XBP-1 and phosphorylation of eIF2α, amprolium induced a drastic increase in their expression after 1-2 days of exposure, and then the increase diminished thereafter. For ATF-6, an amprolium-induced increase was observed after 2 days of exposure and the increase sustained for 3 days, then diminished thereafter. For CHOP and cleaved caspase-12, amprolium increased their expression after 1 day of exposure and the increase sustained for at least 4 days.
To determine whether amprolium induced oxidative stress in iCell neurons, we examined the expression of 4-hydroxynonenal (4-HNE) and 2,4-dinitrophenol (DNP) which are reliable biomarkers for lipid peroxidation and protein oxidation, respectively (Perluigi et al., 2012) . As shown in Fig. 3 , amprolium significantly increased the expression of 4-HNE and DNP in iCell neurons. Amprolium (1 mM) significantly increased the expression of 4-HNE and DNP after 1 day of exposure and the increase was sustained for 3 days, and then diminished thereafter.
Alleviating ER and oxidative stress reduces TD neurotoxicity
To determine whether ER stress and oxidative stress contributed to TD-induced death of iCell neurons, we inhibited TD-induced ER stress and oxidative stress using specific inhibitors and antioxidants. STF083010 and salubrinal have been used to experimentally alleviate ER stress. STF083010 is a novel small-molecule inhibitor of Ire1 (Papandreou et al., 2011) . Salubrinal selectively inhibits eIF2α dephosphorylation and is shown to protect cells against ER stress-mediated apoptosis (Cnop et al., 2007) . N-acetyl Cysteine (NAC) is a thiol-containing antioxidant and potent free radical scavenger (Ates et al., 2008) . As shown in Fig. 4A , pretreatment with STF083010 (10 μM) or salubrinal (10 μM) significantly mitigated amprolium-induced death of iCell neurons. On the other hand, NAC completely eliminated TD-induced cell death. This result was confirmed by the study of calcein AM staining which showed that STF083010 and NAC alleviated TD-induced cytotoxicity in iCell neurons. Together these data indicate that ER stress and oxidative stress are indeed involved in TD-induced neurotoxicity.
Discussion
The understanding of the cellular and molecular mechanisms underlying TD-induced neurotoxicity and aging-associated neurodegeneration has been hindered by the lack of relevant in vitro models. Here we describe for the first time the use of the neurons derived from human induced pluripotent stem cells (iCell neurons) to investigate the mechanisms of TD-induced neurodegeneration. We show that TD Fig. 1 . Effect of TD on the viability of cultured iCell neurons. A. The cultured iCell neurons were treated with amprolium (Amp: 0, 0.5, 1, or 2 mM) for specified times, and the viability of cells was determined by CCK-8 assay as described under the Materials and methods. The experiment was replicated four times, and the results were expressed as the mean ± SEM. ⁎ p b 0.05, denote significant difference. B. The cultured iCell neurons were treated with amprolium (Amp: 0 or 1 mM) for 5 days. The neurons were stained with calcein AM and examined under the microscope. Bar = 20 μm.
causes a concentration-and duration-dependent death of iCell neurons. TD induces ER stress as well as oxidative stress and alleviating ER stress/ oxidative stress is sufficient to mitigate TD-induced death of iCell neurons, indicating the involvement of ER stress and oxidative stress in TD neurotoxicity.
iCell neurons developed by Cellular Dynamics International resembles neurons in neonatal prefrontal cortex. They express functional ionotropic glutamate [α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA)] receptors, gamma-aminobutyric acid type A (GABA A ) receptor, voltage-gated sodium and calcium channels, and nicotinic acetylcholine receptors (nAChRs) (Dage et al., 2014; Chatzidaki et al., 2015) . These cells provide a biologically relevant human cell model for the assessment of pharmaceutical and environmental neurotoxicity as well as the investigation of neurodegenerative diseases. For example, iCell Neurons were employed to study the processing and cellular trafficking of tau, a protein that plays an important role in the development of AD and other neurodegenerative disorders (Chai et al., 2012) . iCell Neurons were successfully used in a high-throughput small molecule screen for identifying potential protective molecules that can alleviate neurodegeneration associated with AD (Xu et al., 2013) . iCell neurons exhibited toxicity to α-synuclein and were used as an in vitro PD model. The potential neuroprotective effect of thymoquinone (TQ) on α-synuclein-induced alteration in synapse density, synaptic vesicle recycling and electrical activity was assessed in iCell neurons (Alhebshi et al., 2014) .
Amprolium is a competitive inhibitor of thiamine transport and has been widely used to deplete intracellular thiamine. We show here that amprolium at mM range caused the death of human iCell neurons. This finding is consistent with previous studies carried out by ourselves and other investigators showing that in cultured neuronal cells the effective concentrations of amprolium are at mM range (Wang et al., 2007b; Chornyy and Parkhomenko, 2008; Bizon-Zygmanska et al., 2011; Liu et al., 2016) . Alternatively, future studies using other thiamine antagonists, such as pyrithiamine, may be considered. It is interesting to note that amprolium slightly increases cell survival at 0.5-1 mM. The underlying mechanisms are currently unknown. It is possible that amprolium may initially activate some cytoprotective programs, such as autophagy.
TD induces ER stress in iCell neurons. ER is the largest organelle regulating protein folding, modification and transport. It also processes the synthesis and distribution of phospholipids and steroids. ER is the site of calcium ion storage and regulates intracellular calcium homeostasis (Schroder, 2008; Bravo et al., 2013) . Alterations in ER homeostasis, such as increased protein synthesis, accumulation of misfolded proteins, or alterations in the calcium or redox balance, lead to ER stress (Ozcan and Tabas, 2012) . The cellular adaptive response to cope with ER stress is known as the unfolded protein response (UPR). Initially, the UPR functions to restore ER homeostasis by increasing protein folding capacity and decreasing the accumulation of unfolded proteins. However, when UPR is insufficient to restore ER homeostasis, apoptosis occurs (Morishima et al., 2004; Tabas and Ron, 2011) . During the UPR, three Fig. 2 . TD-induced ER stress in iCell Neurons. A. iCell neurons were treated with amprolium (0 or 1 mM). At specified times after the treatment, the lysates of the iCell neuron samples were collected. The expressions of GRP78, XBP-1, CHOP, p-eIF2α, caspase-12, and ATF6 were determined by immunoblotting. B. The relative amounts of GRP78, CHOP, p-eIF2α, cleaved caspase-12, and ATF6 were measured microdensitometrically and normalized to the expression of actin. The experiment was replicated three times, and the results were expressed as the mean ± SEM. ⁎ p b 0.05, statistically significant difference from untreated control groups. Fig. 3 . TD-induced oxidative stress in iCell Neurons. A. iCell neurons were treated with amprolium (0 or 1 mM) At specified times after the treatment, the lysates of iCell neurons samples were collected. The expressions of 4-HNE and DNP were determined by immunoblotting. B. The relative amounts of 4-HNE and DNP were measured microdensitometrically and normalized to the expression of actin. The experiment was replicated three times, and the results were expressed as the mean ± SEM. ⁎ p b 0.05, statistically significant difference from untreated control groups. major UPR sensors, namely PERK (protein kinase RNA-like ER kinase), IRE1 (inositol requiring protein-1), and ATF6 (activating transcription factor-6), are activated to restore folding capacity (Hetz et al., 2011; Yang and Luo, 2015) . Neurodegenerative diseases, such as AD, PD, and HD, have in common the presence of protein aggregates in specific brain areas where significant neuronal loss is detected. Emerging evidence suggests that ER stress may contribute to the neurodegeneration (Perri et al., 2016) .
Oxidative stress is caused by the disequilibrium between reactive oxygen species (ROS) production and the ability to detoxify the ROS (Fischer and Maier, 2015) . The brain is particularly vulnerable to oxidative stress due to its high oxygen consumption and high production of reactive oxygen and nitrogen species. Accumulating evidence has demonstrated that oxidative stress plays an important role in excitotoxicity, axonal damage and neuronal death (Chiurchiu et al., 2015) , and is involved in the onset and progression of several neurodegenerative diseases, such as AD, PD, HD, and amyotrophic lateral sclerosis (ALS) (Radi et al., 2014; Cobb and Cole, 2015) . Oxidative stress also plays an important role in TD-induced brain damage (Liu et al., 2016) . However, the mechanisms underlying TD-induced oxidative stress are unclear. The current study indicates that iCell neurons are a good model to investigate TD-induced oxidative cells. There is considerable interaction between oxidative stress and ER stress.
The cellular/molecular mechanisms by which amprolium causes ER stress and oxidative stress are currently unclear. For inducing ER stress, amprolium may causes a disruption of intracellular calcium homeostasis or impair the ER chaperons which are responsible for protein folding. For inducing oxidative stress, amprolium may disrupt the antioxidant system or directly cause mitochondrial damage (Liu et al., 2016) . The effect of amprolium is complex and both direct and indirect mechanisms may be involved. There is considerable cross talk between oxidative stress and ER stress. Usually oxidative stress promotes ER stress but sometimes ER stress can cause oxidative stress as well (Zhang, 2010) . Amprolium-induced ER stress may also be promoted by oxidative stress.
Recent findings suggest that TD can induce autophagy in neurons (Meng et al., 2013; Liu et al., 2016) . Autophagy is a cellular catabolic process for the degradation of cytoplasmic components through lysosomes (Levine and Klionsky, 2004; Mizushima and Klionsky, 2007) . Autophagy is fundamental for the maintenance of homeostasis and especially important in post-mitotic neurons. Both oxidative stress and ER stress may activate autophagy (Luo, 2014) . Therefore, ER stress, oxidative Fig. 4 . Inhibition of ER stress or oxidative stress protects iCell Neurons against TD-induced cell death. A. The cultured iCell Neurons were pretreated with STF083010 (10 μM), Salubrinal (10 μM), or NAC (1 mM) for 1 h, and followed by exposure to 1 mM amprolium in the continued presence of STF083010, Salubrinal, or NAC for 5 days. The viability of cells was determined by CCK-8. The experiment was replicated three times, and the results were expressed as the mean ± SEM. ⁎ p b 0.05, statistically significant difference from untreated control groups. # p b 0.05, statistically significant difference from amprolium alone groups. B. The cultured iCell neurons were pretreated with STF083010 (0 or 10 μM) or NAC (0 or 1 mM) for 1 h, and followed by exposure to 1 mM amprolium in the presence or absence of STF083010 or NAC for 5 days. The neurons were stained with calcein AM and examined under the microscope. Bar = 20 μm.
stress, and autophagy are interconnected and interdependent processes. In normal neurons, the homeostasis of these dynamic processes is well controlled and maintained. However, TD disrupts the homeostasis, eventually causing neurodegeneration in the CNS. We propose that it is the interplay of ER stress, oxidative stress, and autophagy that contributes to TD-induced neurodegeneration (Liu et al., 2016) . Our future studies need to determine whether TD causes autophagy. Therefore, iCell neurons may also provide a powerful tool to investigate in interaction among ER stress, oxidative stress and autophagy in the context of TD-induced neurodegeneration.
